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Abstract
Rapid reaction times to undesirable events are becoming increasingly important
for the protection and conservation of habitats and species. This study demon-
strates how Unmanned Aerial Vehicles, or drones, and satellite tracking of indi-
vidual animals can be combined to identify important conservation issues (e.g.
deforestation). When quickly disseminated, the information can lead to a rapid
change in conservation policy. An adult male proboscis monkey, belonging to a
one-male social group, was GPS tracked for 6 months in Sabah, Malaysian Bor-
neo during 2012. Riparian habitats featured heavily (25.4% of total time, 88.6%
of all sleeping sites) in the group’s home range. A fixed-wing drone was used in
2015 to map the habitat in high-resolution. These data revealed that 47.54 ha of
forest had been cleared shortly before the drone flights. GPS tagging data revealed
the importance of this area for a one-male proboscis monkey group. A total of
30.1% of the proboscis monkeys’ home range area had been cleared, as well as
11.4% of sleeping sites. Furthermore, drone images revealed that the felling
extended to the river’s edge, disregarding water resources laws requiring riparian
reserves of a minimum of 20 m. Following this discovery, a press release including
drone imagery combined with GPS data, was published linking habitat destruc-
tion to a species that is economically important for the tourism industry in Sabah.
The day following dissemination of the data, the Sabah State Government ordered
an immediate cessation on further land clearing at sensitive riparian reserves
along the river. We propose that this combination of satellite and aerial data pro-
vides potential for an effective conservation tool for endangered, iconic and eco-
nomically important species. This visually compelling data, feasible over large
spatial scales, can directly inform policy change in a quick and timely manner.
Introduction
Anthropogenic actions can result in the removal of wild-
life from their natural habitats, as well as the degradation
of habitats due to legal, accidental and illegal human
activities (i.e. logging, fire, hunting, pollutant spills
(Butchart et al. 2010)). The ability to monitor habitats in
near real-time has become increasingly important for the
protection and conservation of broad ecosystems, specific
habitats, or even individual species. Once an infraction or
undesirable event has been detected, the reaction times of
the administration, enforcement or policy-makers can be
crucial for continued protection or management of an
area (Navarro et al. 2012). By being able to prevent or
curtail detrimental events, future impacts are minimised
and are, therefore, easier to manage (Manyangadze 2009).
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Environmental monitoring networks have been estab-
lished for a variety of purposes, such as monitoring water
quality, detecting harmful algal blooms, or detecting for-
est fires, to provide a source of data for policy-makers
and governmental agencies, as well as to facilitate rapid
and effective management responses (Glasgow et al. 2004;
Manyangadze 2009; Navarro et al. 2012). Real-time,
remote monitoring, in particular, has advanced the field
of animal movement research (Wall et al. 2014). Satellite
tracking is a powerful tool that can highlight the home
range nuances of a species without observer bias (Stark
et al. 2017). It can also provide evidence of active
resource selection (e.g. for feeding or sleeping) that may
otherwise be difficult to obtain in logistically remote loca-
tions or challenging terrain, particularly for shy or cryptic
species (Chabot and Bird 2015; Schweiger et al. 2015).
Additionally, satellite tracking can provide real-time loca-
tions of animals, which can be used to detect changes in
movement patterns, or send alerts due to cessation of
movement, allowing the researcher to respond accordingly
(Wall et al. 2014).
Autonomous unmanned aerial vehicles (referred to as
“drones” hereafter) are a remote-sensing platform com-
monly used for near real-time imagery of an area. Appli-
cations for drones are continuously diversifying and they
are being used increasingly as a tool to supplement more
traditional methods in wildlife studies (see reviews by
Chabot and Bird 2015 and Linchant et al. 2015). Drones
are also practical for wildlife habitat research and moni-
toring due to their ease of use, low cost, low environmen-
tal impact, versatility and their ability to cover areas
which may otherwise be inaccessible (Dufour et al. 2013;
Evans et al. 2015; Ivosevic et al. 2015). Many of the
habitat-related studies using drones have focussed on
wetlands, coastal areas and riparian habitats, detecting
finer-scale habitat details undetectable by ground surveys,
leading to improved habitat classifications and vegetation
biomass calculations (Husson et al. 2014; Chabot and
Bird 2015). Through frequent and repeatable flights,
drones have also been used in the detection of illegal
activities. These range from logging, mining, poaching
and habitat encroachment (Coulter et al. 2012; Paneque-
Galvez et al. 2014; Chabot and Bird 2015), to detecting
camps or campfire smoke in areas where human presence
is prohibited (Koh and Wich 2012).
Illegal activities are of particular concern for riparian
zones, which are amongst the most severely altered and
degraded habitats across the world (Nilsson and Berggren
2000). Human settlements tend to develop along water-
ways because of the importance of rivers for transporta-
tion and movement (Yeager and Blondal 1990; Meijaard
and Nijman 2000). However, riparian zones have a funda-
mental function in the ecosystem, and their removal or
alteration can have negative effects on existing ecosystems
(Fernandes et al. 2011; Kuglerova et al. 2014). Further-
more, riparian zones often have higher levels of animal
and plant diversity than non-riparian forests, and can act
as important corridors during migration and dispersal
(Naiman et al. 1993; Spackman and Hughes 1995).
Although there is no standard optimal design for the ideal
width of a riparian zone, there is often national or regio-
nal legislation in place to maintain some level of riparian
protection (Blinn and Kilgore 2001; Lee et al. 2004;
Kuglerova et al. 2014).
Proboscis monkeys (Nasalis larvatus) are large-bodied
folivorous primates endemic to the island of Borneo, and
are heavily associated with riverine, lake, swamp and
mangrove forests. Proboscis monkeys tend to sleep near
rivers as protection against predation (Thiry et al. 2016),
and generally do not travel more than a half day’s journey
away from water before returning back (Matsuda et al.
2009a). Due to their habitat preferences, the majority of
studies on proboscis monkeys have been restricted to
riverbank observations (Bennett 1988; Bernard et al.
2010). Proboscis monkeys can live in disturbed or sec-
ondary forest, but generally avoid severely disturbed areas,
agricultural areas, extensive grasslands and human settle-
ments (Salter et al. 1985; Bernard and Zulhazman 2006).
Proboscis monkeys are classified as Endangered (Meijaard
et al. 2008) and are one of the focal species for tourism
in Borneo (Leasor and Macgregor 2014). In the Malaysian
State of Sabah, only 15.3% of the proboscis monkey
groups are found in fully protected areas, and 42.8% are
found outside forest reserves (Sha et al. 2008).
The largest known population of proboscis monkeys in
Sabah is in Lower Kinabatangan Floodplain, 37.6% of
which is found in unprotected areas (Sha et al. 2008).
The forests have varying degrees of protection, with about
27 000 ha in the Lower Kinabatangan Wildlife Sanctuary
(LKWS) and 15 000 ha as Virgin Jungle Forest Reserves
(VJFR), interspersed with about 10 000 ha of unprotected
(private) or state forest (Fig. 1) (Ancrenaz et al. 2004).
The forested areas are surrounded by large and small-
scale agriculture, mainly for oil palm (Elaeis guineensis),
as well as human settlements. In addition to the protected
status of the LKWS and VJFR, a 20 m riparian zone
along both banks of every river greater than 3 m in width
is designated as a riparian reserve under Sabah’s Water
Enactment 1998 Section 40(1), which includes the Kin-
abatangan River and its estuaries or tributaries (State of
Sabah 1998). Furthermore, the Land Ordinance (Sabah
Cap 68) specifies that riparian reserves in Sabah are prop-
erty of the State (State of Sabah 2013).
Combining proboscis monkey GPS tracking data with
high-resolution remote sensing datasets, such as those
obtained using drones, can potentially provide
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opportunities for detailed analysis of interactions between
animals and their habitat (Schweiger et al. 2015). In this
study, we aim to (1) demonstrate the increased effective-
ness of drone datasets when paired with the satellite track-
ing data of an endemic, endangered species to rapidly
raise awareness and facilitate policy changes regarding
riparian habitat destruction; (2) compare the extent of for-
est clearing in the area after the tracking period was com-
plete to investigate the potential impact deforestation
could have on the ranging of a one-male group of pro-
boscis monkeys; and (3) show how these visually com-
pelling data can engage the general public and initiate
discussions on policy reform and conservation action.
Forest Imagery
In July 2015, 273.51 ha of unprotected forest were
mapped using a fixed-wing drone. This forest connects
the protected forest blocks under the LKWS jurisdiction
(Lot 3) and Pangi VJFR, and provides important habitat
for many of Borneo’s symbolic species, including pro-
boscis monkeys and orangutans (Pongo pygmaeus)
(Ancrenaz et al. 2004), as well as serving as an important
corridor for elephants (Elephas maximus borneensis) (Estes
et al. 2012). The forest extends along the south bank of
the main river, and is bisected by a tributary (Fig. 1).
To estimate the extent of forest prior to the most recent
logging, images from Google Earth Pro (Google Earth 7.1
2014) were digitised and processed in ArcGIS 10 (ESRI
2011). Areas that were already non-forested prior to the
clearing event were determined based on ground-truthing
from surveys in 2012 and by the size of oil palm trees or
the condition of the non-forested areas in the 2014 Google
Earth image (i.e. worn houses, well-established gardens,
etc.). As the annual dynamism (mean tree mortality and
recruitment) in Southeast Asian tropical forests is
_
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Figure 1. Study site (C) within the Lower Kinabatangan Floodplain in Sabah, Malaysian Borneo (A). Dark hashed areas indicate protected forest
within the Lower Kinabatangan Wildlife Sanctuary (LKWS) and light striped areas indicate protected Virgin Jungle Forest Reserve (VJFR) (B). The
white area indicates a mixture of private and state forest, human settlements and large- and small-scale agriculture.
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1.59  0.39% (Phillips et al. 1994), the 2014 image was
assumed to be representative of the forest cover during
2012. The non-forested areas were delineated in ArcGIS
Editor, and the area calculated and subtracted from the
total forested area based on the Google Earth image.
A drone (Bormatec-MAJA: Bormatec, Mooswiesen,
Ravensburg, Germany) was fitted with a Canon S100 digi-
tal camera (Ota, Tokyo, Japan) that was customised with
firmware enhancement created using a Canon Hack
Development Kit (CHDK). In order to obtain >60%
sequential picture overlap, the flights were flown at an
altitude of 315 m, with transects 170 m apart, and an
inter-image gap of 3 sec.
Of the area covered by the drone, 13.06 ha was already
non-forested during the satellite tracking period in 2012,
consisting of houses, gardens, and small-scale oil palm
plantations. From the drone images, it was calculated that
a further 47.54 ha had been cleared in late May 2015,
accounting for 18.3% of the forested area (Fig. 2).
Home range and habitat loss
Within the unprotected forest study site, an adult male
proboscis monkey had been fitted with a GPS collar in
May 2012 and tracked for 169 days. The utilization dis-
tribution was estimated using biased random bridges,
with the total home range defined by the 90% contours
of the utilization distribution, and core range as the
50% contours (see Stark et al. 2017 for detailed
methodology). Sleeping sites were defined as the GPS
fixes at 1900 h.
The home range of the proboscis monkey group was
estimated to be 49.18 ha (core range 14.55 ha), which fell
entirely within the area surveyed by the drone. The ripar-
ian reserve was heavily utilised, with 25.4% of all GPS
points found within these legally defined 20 m riparian
reserves, as were 88.6% of all sleeping sites (Fig. 3 and
S1). A total of 9.4% (6.09 ha) of the core and home
ranges fell within the legally protected riparian reserve
(1.48 ha and 4.61 ha respectively).
A total of 0.98 ha of forest was cleared within 20 m of
the main river and tributary. Of the riparian reserve
cleared, 0.63 ha was within the proboscis monkeys’ home
range. Approximately 11% of the sleeping sites were
located in areas that were subsequently logged, of which
all but one had been within the legally protected, govern-
ment mandated riparian reserve. Moreover, 30.1% of the
total home range area (14.08 ha), and 24.9% of the core
range area was cleared (3.62 ha) (Fig. 3). On 123 of the
169 days tracked, the proboscis monkeys entered the area
that was later cleared in 2015, with an average of
4.6  2.7 fixes (30.7%) a day within those areas
(Table S1).
Dissemination of findings
The riparian reserve had been cleared by a local land-
owner under the Federal Government’s Rubber Industry
Smallholders Development Authority (RISDA) (Daily
Express 2015). This Federal Government agency did not
consult with the State Government’s Wildlife Department
which manages the conservation areas adjacent and close
2012/2015 forested area
2012 non-forested area
2015 logged area
Kinabatangan River
0 250 500 m
Figure 2. The 273.51 ha area surveyed by the
drone with corresponding pre-logged images
in 2012 (top figure) and the logged areas
detected by the drone images in 2015 (in
brown, lower figure); grey indicates the areas
that were not forested during the tracking
period of the proboscis monkey (2012).
4 ª 2017 The Authors. Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London
Linking UAVs and GPS Tags for Policy Change D.J. Stark et al.
to the private lands that were targeted by the RISDA
scheme. Money was given as an incentive to clear the pri-
vately owned property, and then the landowners were
provided with rubber trees to plant on their land. Using
the drone and satellite tracking datasets, a press release
was prepared by DJS and BG to highlight the association
of the habitat destruction to a species that is economically
important for the tourism industry in Sabah (Borneo Post
2015) (Fig. 4). The press release was published in local
and national newspapers, as well as on the main social
media outlet (Facebook) for Danau Girang Field Centre
(DGFC). This Facebook page is used regularly for pub-
lishing press releases and other urgent conservation issues,
and therefore any heightened interest in this particular
press release would not simply be because it was the only
urgent conservation issue posted. The impact the press
release had through social media was assessed by (1) the
number of reaches per post (the total number of unique
people the post had been served to) and (2) post engage-
ments (the number of unique people who engaged in cer-
tain ways with the post; e.g. commenting, liking, sharing
or clicking on particular elements of the post) (Wijedasa
et al. 2013). The number of reaches and engagements of
the press release posts were compared to those of all the
other posts on the DGFC Facebook page, spanning from
a month before and after the press release date.
There were a total of 69 posts on the Danau Girang
Facebook page from July 1 to August 31st 2015, four of
which were based on the press release that included the
drone and satellite imagery. The four posts based on the
new imagery had more than three times as many reaches
per post as the remaining 65 posts (mean number of
users = 6273.5 (sec = 4781.1) and 2039.4 (sec = 159.8),
respectively). The average number of post engagements
0 250 500 m
Figure 3. Extent of clearing in relation to the home range and sleeping site selection of the collared proboscis monkey. Dark orange area
highlights the logging that occurred within the home range (dark outline) and core range (patterned area) of the group. Points indicate all
sleeping sites throughout the study period, with the light points indicating those affected by the logging.
Figure 4. Examples of the drone images used
in the press release, showing the extent of
clearing and removal of the riparian reserve in
relation to proboscis monkey GPS fixes (white
points).
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for the drone and satellite tracking posts increased to
573.5 (sec = 492.9) users from 165.72 (sec = 14.7) users.
The following day, the Sabah State Government
announced that there would be an immediate cessation of
land clearing along sensitive riparian reserves in the Kin-
abatangan River (The Star 2015). A formal investigation
was conducted which confirmed a number of infractions
had taken place (Sabah Forestry Department 2016).
Discussion & Conclusions
Here, we present the first known case of the effective
combination of drone and satellite tracking data and its
application in prompting immediate conservation action.
We showed the importance that riparian reserves have in
the daily ranging and sleeping selection of proboscis mon-
keys, with a quarter of all points falling within the
reserve. Furthermore, >88% of all sleeping sites were
within this riparian reserve. We then showed with the
drone dataset that 30% (14.8 ha) of the groups’ total
home range area was cleared in 2015, including 11% of
their sleeping sites.
In addition to the quantitative data extracted, the visu-
ally compelling images captured by combining drones
and satellite tracking can be utilised as a powerful aware-
ness tool for the general public. Social media has the
power to influence policy-makers, increase accountability,
and encourage shifts in behaviour. This can result in
unprecedented government responses (Nghiem et al.
2012). Due to the long-established culture of wildlife con-
sumption and insufficient knowledge in environmental
issues in Asian-Pacific countries (Lo et al. 2012; Kwan
et al. 2016), there is a disconnect between more tangible
conservation issues, such as animal abuse, and more con-
ceptual issues, such as deforestation or wildlife trade.
There is also a belief that pro-environmental behaviour is
motivated by scientific background (Lo et al. 2012), and
therefore does not have a wide-spread emotional impact
on lay people. Public engagement on emotive issues, such
as with animal abuse, are heightened when compared to
intangible long-term conservation issues (Wijedasa et al.
2013). For example, when an organization highlighting
conservation issues in Malaysia reported an incident
showing a picture of tourists harassing a green turtle, it
generated a 405-fold increase in reaches, and caused an
investigation and ultimately forced public apologies
(Wijedasa et al. 2013). A week later, when the same orga-
nization reported on the illegal wildlife trade of tiger
claws, it generated only a 6-fold increase in social media
“reaches”, as it did not spark the same emotional outrage
as animal abuse (Wijedasa et al. 2013). By linking the cul-
turally intangible issue of the destruction of a riparian
reserve to the moral outrage involving a family unit of
proboscis monkeys, one of Sabah’s iconic species, it
invoked a strong emotional response, with a threefold
increase in the number of reaches, and resulted in an
immediate cessation of land clearing ordered along sensi-
tive riparian reserves along the Kinabatangan River. Fur-
thermore, as the study site is one of the key destinations
for local and international tourists to see proboscis mon-
keys (Fletcher 2009; Leasor and Macgregor 2014), public
engagement may have been stronger than if the habitat
loss had happened in a less popular area.
An issue highlighted in this case is the importance of
aligning conservation with economic incentives and regu-
lation when multiple agencies are involved. The initiative
in this case study promised participants economic incen-
tives and rubber trees to plant once the area was cleared,
but there was no responsibility or accountability taken by
the initiative for any laws broken. The participants were
not provided with information on land use or watershed
laws prior to clearing (e.g. no cutting of riparian reserves,
no open burning). Once an offence was committed, there
was no legal or financial support to the local landowner,
despite the role of the RISDA scheme in the situation,
nor was the RISDA scheme required or requested to
finance the reforestation of the riparian reserve. Further-
more, past experience has shown that planting rubber
trees in this region has failed due to elephant conflict
with young rubber trees (pers com), and therefore the
clearing could have been avoided altogether, not just of
the riparian reserve. It is important that when initiatives
like this are proposed, all relevant parties (including wild-
life and forestry departments) are involved in finding the
most suitable areas, and giving the participants the full
information on the laws. This cooperation can maximise
success as well as minimise negative effects on the envi-
ronment. There must also be an agreement of who will
be held responsible if a land-clearing related offence is
committed. There needs to be an update in the legislation
clarifying when a violation has been committed, as well as
specifying the responsible party for restoring the damaged
land. Furthermore, there needs to be consistency in
enforcement and convictions, so that big companies are
held to the same standards as the local landowners.
Riparian and floodplain forests are important habitats
for proboscis monkeys (Bennett and Sebastian 1988; Mat-
suda et al. 2009b). To reduce the risk of predation, pro-
boscis monkeys tend to select sleeping sites close to rivers
as protection, reducing the area they need to guard from
predators (Matsuda et al. 2011; Thiry et al. 2016). This is
particularly the case for groups with vulnerable or small
individuals, that is, reproductively active groups (such as
the focal group of this study), as opposed to all-male
groups (Thiry et al. 2016). The removal of trees changes
the composition and structure of both edge and interior
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forest, as well as exposes the newly created edge to differ-
ent environmental conditions (Broadbent et al. 2008).
Furthermore, while some mammal species avoid edge
habitats, others such as the Sunda clouded leopard
(Neofelis diardi borneensis) increase their relative habitat
use near edge habitats (Brodie et al. 2015). The Sunda
clouded leopard is one of the main predators of proboscis
monkeys (Matsuda et al. 2011), and therefore increased
edges could potentially also increase the risk of predation
events.
The loss of the riparian zone is not only detrimental to
the particular proboscis monkey troop whose home range
was partially destroyed in this study, but has overarching
deleterious effects on the ecosystem as a whole. Despite
widespread concerns about the negative effects of riparian
zone destruction, forestry practices are still increasing in
intensity in order to meet global demand (Laudon et al.
2011; Kuglerova et al. 2014). The heightened rate of habi-
tat loss means that traditional research studies are often
too slow to prevent habitat alteration. By providing com-
pelling research and visual aids, using a combination of
satellite tracking and drone imagery, rapid responses by
authorities and policy makers can be more effective when
dealing with time-sensitive issues. Furthermore, the
awareness raised using these means can also identify the
need to update policies to identify responsible parties,
and hold them accountable, should encroachment occur
in the future.
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Figure S1. The forested area surveyed by the fixed-wing
drone (light green) with corresponding pre-logged images
in 2012 (grey) and the logged areas detected by the drone
images in 2015 (dark).
Table S1. Compositition of the number of GPS fixes per
day that were located in areas that subsequently cleared
in 2015 (N = 566 fixes; 123 days).
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